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by employing a discharge element connected in series with the sample. The element consits of a metal spark gap and a high resistance (1 G) connected in series which works as a pulse shaper by suppressing the initial surge current and shutting down the current with a suitable time constant. PVF films poled using the present method, under a voltage ramp up to 3000 V a? 25-C exhibited significantly improved piezoelectg ic activity; piezoelectric strain and stress constants of 34 pC/N and 90 mC/m (after 4 days aging) which are about 50% and 27% larger than normal values obtained by the direct poling method under 200 MV/m at 25°C.
higher electric field to a sample without high risk of breakdown.
The circuit consists of a high resistance, a spark gap, a sample to be poled and a small resistance connected in series. Shunted across the last three elements is a small capacitance. The circuit acts as a controlled pulse poling apparatus with the capability of feedback by detection of sample polarization.
Poly(vinylidene fluoride) films (7 Am thick) poled using the present method, under a voltage ramp up to 3 kV at 25"C exhibited significantly improved piezoelectric activity; piezoelectric strain and stress constants of 34 pC/N and 90 mC/m 2 (after 4 days aging) which are about 48% and 27% larger than normal values obtained by the direct poling method under 200 MV/m at 25"C.
INTRODUCTION
It is well known that poly(vinylidene fluoride) [PVF 2 ] crystals with the phase I structure exhibit ferroelectricity and that PVF2 films exhibit high piezoelectric activity after they are subjected to a poling procedure. To obtain the highest piezoelectric activity, it is of practical importance to find the optimum poling conditions. Poling is usually classified by using one of the following techniques; direct poling (or electrode poling) and corona poling. Direct poling is more suitable for basic research on these materials because the procedure is simple and allows for quantitative analysis. On the other hand, corona poling is more important for industrial uses such as poling of a large area of material or for some other special purpose in which the direct poling technique is difficult to apply. 1 , 2 In both poling techniques, electric field, temperature and time are the most important parameters in the poling process. In the early stages of research on ferroelectric polymers, the poling temperature and time were set to be around 1006C and 1 h, 3 -9 which was adapted from the traditional methods used for many inorganic ferroelectrics. 1 0 ,I I After accurate measurements of the time domain characteristics of the polarization switching process, however, it was recognized that it is not alwayr necessary to keep the temperature as high as 100"C or to keep the time as long as 1 h. Their data showed that the piezoelectric activity increased with increasing poling fields even at the maximum poling field range of 350 MV/m to 400 MV/m.
It seemed reasonable to assume that the risk of sample breakdown might be significantly reduced if a poling apparatus with capability of feedback by detection of sample polarization was employed.
In this paper, we present a new poling technique employing a negative-resistance switching circuit, which is quite different in behavior from the two conventional techniques, direct poling and corona poling, and which has some distinct merits with regard to yielding high piezoelectric activities when applied to PVF 2 films.
II. EXPERIMENTAL
Samples used in this study were 7-Mm-thick uniaxially oriented PVF 2 films (KF1000) supplied by Kureha Chemical Industry, Co., Ltd. These films are the same as those used in several previous studies 1 2 ,1 3 , 17 -19 . Annealed samples were prepared by heat treatment in vacuum at 120"C for 2 hours. During annealing, the films were mechanically clamped to prevent shrinkage.
Gold electrodes, each about 3 x 10 mm 2 in area, were deposited on opposing surfaces of the films by vacuum evaporation.
A block diagram of the poling arrangement is shown in Operation of various functions in the system were consigned to a microcomputer which also performed the task of data processing.
III. RESULTS
The Fig. 6 (b) . Shunted across the NR device and RL is a capacitor C.
We are interested in the steady state corresponding to a particular value of supply voltage such as V 1 , V 2 and V 3 shown in Fig. 6 (b) . The load lines are also plotted in Fig. 6 (b) as straight lines passing through the points v = Vl, V 2 , V 3 and i = 0, and having a slope -1/R. When the current through the NR device is less than the threshold value (shown as point A in Fig.   6(b) ) for a discharge phenomenon to occur, the operating point X, is a single stable point in the low-current region. When the supply voltage and load resistor are selected such that the load line intersects the characteristic at a single point X 2 on the NR portion of the characteristic (resistance -Rn), the circuit acts as a sawtooth waveform generator in an astable operation. This condition is expressed as I-Rnj < R since the circuit response has the form of exp(-t/RpC) with a positive exponent, where
When the supply voltage is so high (V = V 3 ) that the operating point exceeds a negative resistance portion, the operating point In astable operation, the system will trace out the path B'AA'BB' in the direction of the arrows in Fig. 6(b) . When the voltage exceeds the threshold voltage of the spark gap, the capacitance C discharges rapidly through the device and the small resistance RL. The speed with which the voltage across RL changes is determined by how quickly the device makes the transition from its low-current state to the state in which an avalanche dis-charge is established. Having reached a peak, the output voltage across RL now decays to zero as the capacitor discharges. The pulse width depends upon RL and C and increases as the time constant RLC increases. The rate at which the circuit may be driven is determined by R and C. Typically, for the present experiment, C = 10 pF and R = 1 Gn, whereas RL = 100 kn, so that microsecond pulses with 10 millisecond spacing between pulses may be obtained. 
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and, usually, the capacitance of the spark gap, Cgap, is much less than the capacitance of the sample C s .
When the voltage is high enough to cause the discharge phenomenon to occur, the value of the resistance of the spark gap becomes negative. The value of the sample resistance R s depends on the ferroelectric polarization reversal process and is complicated. 2 Shunted across the last three elements is a small capacitance (-
pF).
The circuit acts as a controlled pulse poling apparatus with capability of feedback by detection of sample polarization. 
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